Candida tropicalis is an opportunistic fungal pathogen responsible for mucosal and systemic infections. The cell wall is the initial contact point between a fungal cell and the host immune system, and mannoproteins are important components that play key roles when interacting with host cells. In Candida albicans, mannans are modified by mannosyl-phosphate moieties, named phosphomannans, which can work as molecular scaffolds to synthesize β1,2-mannooligosaccharides, and MNN4 is a positive regulator of the phosphomannosylation pathway. Here, we showed that C. tropicalis also displays phosphomannans on the cell surface, but the amount of this cell wall component varies depending on the fungal strain. We also identified a functional ortholog of CaMNN4 in C. tropicalis. Disruption of this gene caused depletion of phosphomannan content. The C. tropicalis mnn4 did not show defects in the ability to stimulate cytokine production by human mononuclear cells but displayed virulence attenuation in an insect model of candidiasis. When the mnn4 -macrophage interaction was analyzed, results showed that presence of cell wall phosphomannan was critical for C. tropicalis phagocytosis. Finally, our results strongly suggest a differential role for phosphomannans during phagocytosis of C. albicans and C. tropicalis.
INTRODUCTION
Members of the Candida genus are among the most common commensal fungi in healthy individuals but are also responsible for life-threatening systemic infections in immunocompromised patients, such as patients with AIDS, those undergoing bone marrow transplantation or chemotherapeutic schemes to combat neoplastic diseases (Brown et al. 2012) . Candidemia is regarded as one of the main nosocomial bloodstream infections worldwide, being Candida albicans the most common species found in systemic candidiasis cases, with mortality rates that can be up to 71% (Falagas, Apostolou and Pappas 2006; Mora-Montes et al. 2009 ). However, there are other species of the Candida genus that are as important as C. albicans but less studied. Candida tropicalis is commonly isolated in tropical countries and is responsible for 33% to 48% of systemic infections caused by Candida species (Kothavade et al. 2010; Wang, Xu and Hsueh 2016) . It is also the most common fungal pathogen isolated from neutropenic patients and in recent years has shown an increased drug resistance to fluconazole (Kothavade et al. 2010) .
The cell wall is the first point of interaction between fungi and host cells, and is critical for the recognition of Candida species by components of the immune system (Díaz-Jiménez et al. 2012; Gow and Hube 2012; Hall and Gow 2013; West et al. 2013; Estrada-Mata et al. 2015; Netea et al. 2015; Erwig and Gow 2016; Navarro-Arias et al. 2016; Perez-Garcia et al. 2016; Hernández-Chávez et al. 2017) . Although there is little information about the composition of the C. tropicalis cell wall, it is known that contains chitin, β1,6-and β1,3-glucans, and N-linked mannans composed of a canonical core oligosaccharide modified with an outer chain that contains an α1,6-polymannose backbone, and lateral chains composed of α1,2-and β1,2-mannose units (Kobayashi et al. 1994; Bizerra et al. 2011; Mesa-Arango et al. 2016) . Moreover, the outer chain of the N-linked mannans also contains mannosyl-phosphate residues, which work as molecular scaffolds for the elaboration of β1,2-oligomannosides (Kobayashi et al. 1994) . Even though it has not been demonstrated, it is assumed that C. tropicalis also contains O-linked mannans, as demonstrated in other yeast species, including C. albicans (Munro et al. 2005; Diaz-Jimenez et al. 2012) . Both, N-linked and O-linked mannans are important for tissue adhesion, virulence, cell wall integrity, recognition of the pathogen by the host immune system and the establishment of a protective immune response Munro et al. 2005; Bates et al. 2006; Mora-Montes et al. 2007; Harris et al. 2009; Mora-Montes et al. 2009; McKenzie et al. 2010; Mora-Montes et al. 2010; Díaz-Jiménez et al. 2012; Gow and Hube 2012; Lewis et al. 2012; Bates et al. 2013; Hall and Gow 2013; West et al. 2013; Bain et al. 2014; Martinez-Alvarez et al. 2014 ; Martinez-Duncker, Diaz-Jimenez and Mora-Montes 2014; Courjol et al. 2015; Estrada-Mata et al. 2015; Netea et al. 2015; Erwig and Gow 2016; Navarro-Arias et al. 2016; Perez-Garcia et al. 2016) .
The mannosyl-phosphate moiety found in mannan, named phosphomannan, has been related to stress regulation during conditions of drought, high osmolality or nutrient limitation, in the cross-linking of proteins to cell wall glucan, and in the modulation of nucleotide transport across the Golgi membrane (Jigami and Odani 1999) . Moreover, these negatively charged cell wall structures allow primary macrophages and macrophage cell lines to properly phagocyte C. albicans cells (McKenzie et al. 2010; Lewis et al. 2012; Bain et al. 2014; Gonzalez-Hernandez et al. 2017) , and the engagement with antimicrobial cationic peptides with the ability to inhibit C. albicans growth, such as DsS3(1-16; Harris et al. 2009 ). Therefore, phosphomannans, as other cell wall components, are critical for a proper interaction of C. albicans with components of the immune response.
The phosphomannan synthesis has been described in most detail in Saccharomyces cerevisiae and C. albicans. In both models, Mnn4, a protein with no enzyme activity associated yet, is regarded as a positive regulator of phosphomannosyltransferases because expression of its encoding gene correlates with the cell wall phosphomannan content (Odani et al. 1996; Jigami and Odani 1999; Hobson et al. 2004) . Paralogs of MNN4 found in both organisms have been also related to the cell wall phosphomannosylation (Gonzalez-Hernandez et al. 2017; Kim et al. 2017) . The Mnn6/Ktr6 is the sole phosphomannosyltransferase found in S. cerevisiae (Wang et al. 1997) , while C. albicans Mnt3 and Mnt5 are enzymes with redundant activity and responsible for the addition of about 50% of the cell wall phosphomannan (Mora-Montes et al. 2010) .
Since the cell wall phosphomannosylation is an important element of the fungus-immune cell interaction, and we currently have limited information on the relevance of this wall component in the C. tropicalis biology, here we generated a C. tropicalis mnn4 null mutant and characterize its phenotype and ability to interact with host cells, with emphasis on the virulence, ability to stimulate cytokine production and phagocytosis by macrophages.
MATERIALS AND METHODS

Strains and culture conditions
The strains used in this study are listed in Under these conditions, cells were no viable and did not burst, as determined by the lack of released 260-nm absorbing material in the extracellular space (Martinez-Alvarez et al. 2017) . For β-elimination assays, cells were resuspended in 0.1 N NaOH and incubated at room temperature for 18 h with slow orbital shaking. The reaction was stopped by neutralizing with 0.1 N HCl, cells were pelleted at 2000 × g for 10 min and the supernatant was recovered and stored -20
• C until used (Diaz-Jimenez et al. 2012) . Phosphomannan trimming was performed by incubating cells with 10 mM HCl at 100
• C for 1 h. Then, cells were pelleted at 2000 × g for 15 min, the supernatant was saved, neutralized with 10 mM NaOH and kept at -20 • C until used (Kobayashi et al. 1990; Han et al. 1997) . Phosphomannan was quantified using the phenol-sulfuric acid method (DuBois et al. 1956 ). Data were normalized to the sugar content obtained from 3 × 10 9 cells.
Heterologous complementation in Candida albicans
The C. tropicalis MNN4 ORF was amplified using the primer pair 5 -AAGCTTATGGCTTCGATAATACAAGTA and 5 -GCTAGC CTATTCTATAGCAAACGGTAAA (underlined sequences were introduced to generate HindIII and NheI sites, respectively). This amplicon was cloned into pCR R -2.1-TOPO R (Invitrogen, Carlsbad CA, United States) and then subcloned into the HindIII and NheI sites of pACT1 (Barelle et al. 2004) . This construction was then linearized with StuI and used to transform a C. albicans mnn4 null mutant (Hobson et al. 2004) . This plasmid integrates into the RPS1 locus, which was confirmed by PCR using the primer pair 5 -CACCAGGATTTATTGCCAAC and 5 -CGAACGGAGTAGGAATGTAC.
Generation of a C. tropicalis mnn4 null mutant and a reintegrant control strain
Deletion of MNN4 was achieved using the SAT1 flipper strategy as previously described (Reuß et al. 2004; Porman et al. 2013) . Fig. 1 summarizes the strategy followed. Primer pairs were used to amplify by PCR the 487 bp and 1500 bp of the 5 and 3 Louis, MO, United States), and the correct genomic integration of the disruption cassette into the MNN4 locus was verified by PCR, using the primer pair 5 -ATGCAACCTGCATTCGGTAT and 5 -AACCAGATTTCCAGATTTCCAGA, which amplifies a fragment of 3014 bp that contains a 5 region out of the recombination region and a 3 region inside the disruption cassette (Fig. S1 , Supporting Information). A second pair of primers (5 -GGCTATACAGATTTCCCGGCTC and 5 -GCTGTAGCAGTTAAACCATCACG) was used to amplify a 1476 bp downstream fragment that consisted of a 5 region of the disruption cassette and a 3 region out of the recombination site (Fig. S1 , Supporting Information). The SAT1 marker was recycled by growing cells for 2 days at 28
(w/v) bacteriological peptone and 1% (w/v) yeast extract] added with 2% (w/v) maltose, and then plated in YPD supplemented with 10 μg mL −1 nourseothricin for selection of sensitive strains.
Nourseothricin-sensitive transformant colonies were picked up and screened by PCR to amplify a 1650 bp recombination scar fragment and a 3486 bp fragment that corresponds to the remaining copy of MNN4 gene. Both regions were amplified using the primer pair 5 -ATGCAACCTGCATTCGGTAT and 5 -GCTGTAGCAGTTAAACCATCACG (Fig. S1 , Supporting Information). The second MNN4 allele was deleted performing a second round of transformation with the same construction. A construction to reintegrate MNN4 into the C. tropicalis mnn4 null mutant was generated by amplifying a fragment containing the MNN4 ORF plus 1500 bp up and downstream the encoding region, using the primer pair 5 -gggcccaaggtgtgagtgagtgagtgt and 5 -ctcgagcagaacaagaactagtcggtgc (underlined sequences indicate adaptors to generate restriction sites for ApaI and XhoI, respectively). This 4643 bp fragment was cloned into the ApaI-XhoI sites of pSFS2. Then, a 700 bp fragment downstream of the disrupted locus was amplified by PCR using the primer pair 5 -gcggccgcCTTGGTGGCATTTTGTTGTTGA and 5 -GagctcTGGATCCGGTAAAGTTTCTGAATTT (underlined sequences indicate adaptors to generate restriction sites for NotI and SacI, respectively) and cloned into the NotISacI sites of pSFS2. The reintegration cassette was used to transform the C. tropicalis mnn4 null mutant, replacing one disrupted allele with MNN4 and the selection marker (Fig. 1) . Upon marker recycling, integration of the construction at the MNN4 locus was confirmed by PCR, using the primer pairs 5 -TTACCACCAGCAGTGACCAAA and 5 -ATGGGGTACCAA TCATCAACTTACA, and 5 -GCTCTATGAACACAATCACGACA and 5 -TCTCCAAACGGATTTGTATTTGTCA, which amplified part of the upstream (1009 bp) and downstream (1253 bp) recombination regions, respectively (Fig. S1 , Supporting Information).
Analysis of the cell wall composition and porosity
Mid-log phase cells were pelleted and mechanically broken using a Precellys-24 homogenizer for 30 min, in cycles of 1 min with 2-min resting periods. Cell lysis was confirmed using brightfield microscopy. The cell homogenate was washed with deionized water and 1 M NaCl for three times. Pellets were recovered, lyophilized and acid-hydrolyzed with 2 M trifluoroacetic acid as described (Mora-Montes et al. 2007 ). The acid-hydrolyzed samples were analyzed using High-Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection as previously reported (Plaine et al. 2008 Cells were pelleted, and supernatants were collected and used to measure the absorbance at 260 nm. The relative cell wall To reintegrate CtMNN4 into the native locus, the ORF plus 1500 bp upstream and 1500 bp downstream were cloned into the Apa I and Xho I sites of pSFS2, and an MNN4 downstream fragment of 700 bp was cloned into the Not I and Sac I sites of the vector. The null mutant strain was transformed with this construction and a 5 and 3 screening fragments were amplified to corroborate the correct integration of the cassette at the MNN4 locus. The cassette was recycled using the same strategy described in D.
porosity to DEAE-Dextran was calculated, using the porosity to poly-L-lysine for data normalization (De Nobel et al. 1990 ).
Alcian blue binding assays
Mid-log phase cells were pelleted and washed twice with deionized water. Cells were adjusted to an OD 600 of 0.2, and aliquots of 1 mL were pelleted and resuspended in 1 mL of Alcian blue (Sigma, St. Louis, MO, USA; 30 μg mL −1 in 0.02 N HCl). Cells were incubated at room temperature for 15 min, centrifuged to pellet cells and the supernatant saved and used to quantify the nonbound dye at 620 nm. This was used to calculate the content of Alcian blue bound to cells as previously reported (Hobson et al. 2004 ).
Sensitivity to cell wall perturbing agents
Cells were grown overnight in YPD medium and used to inoculate fresh YPD broth, which was incubated for 6 h at 28
• C and 150 rpm. After this time, cells were washed twice with deionized water and the concentration adjusted to OD 600 of 0.05. Aliquots containing 20 μL of cells were placed into a 96-well plate containing YPD or YPD added with any of the three-different cell wall perturbing agents tested (Congo red, Calcofluor white and Hygromycin B). Plates were incubated for 40 h at 28
• C and 100 rpm. After this time, cell growth was assessed by spectrophotometry at 600 nm. Growth curves were generated using doubling dilutions of the tested agents, with the top concentrations set at: 400 μg mL −1 Congo red, 660 μg mL et al. 2016) . Carbohydrate mobility was assessed by inspecting the gel under UV light. Images were captured using the ChemiDoc Imaging System (BioRad, Hercules, California, Estados Unidos). As a molecular marker, a ladder of maltooligosaccharides from one to seven glucose units (Sigma, St. Louis, MO, USA) was used.
Isolation of human peripheral blood mononuclear cells (PBMCs)
The human primary cells were collected from healthy adult volunteers after information of the study was disclosed and the written informed consent was signed. This study was approved by the Ethics Committee from Universidad de Guanajuato (permission number 17082011). The isolation of human PBMNCs was achieved by density centrifugation using EDTA blood samples and Histopaque-1077 (Sigma, St. Louis, MO, USA) as reported (Navarro-Arias et al. 2017) . Cell concentration was adjusted at 5 × 10 6 mL −1 in ice-cold RPMI 1640 (Dutch modification; added with 2 mM glutamine, 0.1 mM pyruvate and 0.05 mg mL −1 gentamycin, all reagents from Sigma, St. Louis, MO, USA) and immediately used for cytokine stimulation or cell differentiation to macrophages.
Analysis of the human peripheral blood mononuclear cell-C. tropicalis interaction
Aliquots of 100 μL containing 5 × 10 5 human PBMNCs and 100 μL with 1 × 10 5 yeast cells were incubated in round-bottom 96-well microplates for 24 h at 37
• C and 5% (v/v) CO 2 . Then, plates were centrifuged for 10 min at 3000 × g at 4
• C. Supernatants were saved and used to quantify TNFα, IL-6 and IL-10 with ABTS ELISA Development kits from Preprotech. The IL-1β concentration was measured using a DuoSet ELISA Development kit from R&D systems.
Differentiation of human peripheral blood mononuclear cell-derived Macrophages
Isolated human PBMCs cells were differentiated into macrophages as reported (Perez-Garcia et al. 2016) . Briefly, aliquots of 1 mL containing 5 × 10 6 cells in RPMI supplemented with 1% (v/v) penicillin-streptomycin solution (PS, Sigma, St. Louis, MO, USA) were placed in flat bottom 24-well plates and incubated 2 h at 37
• C and 5% (v/v) CO 2 . Wells were washed gently with PBS at 37 • C to remove non-adherent cells and cell debris. Then, 1 mL of X-VIVO 15 serum-free medium (Lonza, Basel, Switzerland) supplemented with 1% (v/v) PS and 10 ng mL −1 recombinant human granulocyte-macrophage colony stimulating factor (Sigma, St. Louis, MO, USA) were added to each well and incubated for 7 days at 37 • C and 5% (v/v) CO 2.
Fresh medium was exchanged every 3 days.
Phagocytosis assays
Yeast cells were grown in YPD at 28
• C with reciprocal shaking at 200 rpm until exponential growth phase was reached. Then, cells were washed twice with PBS and labeled with 1 mg mL −1 Acridine orange (Sigma, St. Louis, MO, USA) as described (Abrams, Diamond and Kane 1983) . Yeast cells were washed twice with PBS and resuspended at a cell concentration of 3 × 10 7 yeast cells mL −1 . The fungus-immune cell interaction was carried out in 800 μL of DMEM medium (Sigma, St. Louis, MO, USA), in 6-well plates with a macrophage-yeast ratio 1:6, which was incubated for 2 h at 37
• C and 5% (v/v) CO 2 . After the interactions, macrophages were washed twice with cold PBS and suspended in PBS containing 1.25 mg mL −1 Trypan Blue as an external fluorescence quencher, as described (Santos, Azzolini and Lucisano-Valim 2015) . Samples were immediately analyzed by flow cytometry in a MoFlo XDP system (Beckman Coulter, Brea, California, USA) collecting 50 000 events gated for macrophage cells. Fluorescence was acquired from the compensated FL1 (green) and FL3 (red) channels using macrophage cells without any labeling. Phagocytosis of yeast cells was assessed from counted events in the green (recently phagocytosed cells) and red (cells within acidified phagolysosomes) fluorescence channels. When required, the monocyte-derived macrophages were pre-incubated for 60 min at 37
• C and 5% (v/v) CO 2 with laminarin (Sigma, St. Louis, MO, USA) or phosphomannan isolated from C. tropicalis cell walls, prior interaction with yeast cells.
Galleria mellonella survival assays
The ability of the yeast cells to infect and kill Galleria mellonella larvae was assessed as described (Perez-Garcia et al. 2016) . Briefly, the last left pro-leg was sanitized with 70% (v/v) ethanol and this area was used to inject 2 × 10 7 yeast cells mL −1 , contained in 10 μL of PBS, using a Hamilton syringe equipped with a 26-gauge needle. Larvae were kept at 37
• C and survival monitored daily. The content of CFU was determined by incubating serial dilutions of the hemolymph on YPD plates for 28
• C for 72 h. Each experimental group contained 30 larvae, including a control group injected only with PBS.
Statistical analysis
Statistical analyses were conducted with the GraphPad Prism 6 software. The effect of cell wall perturbing agents on the fungal growth was analyzed by two-way ANOVA. Cytokine stimulation and phagocytosis were performed in duplicate with eight healthy donors, whereas the rest of the in vitro experiments were performed at least thrice in duplicates. Data represent cumulative results of all experiments performed. The Mann-Whitney U test or unpaired t-test was used to establish statistical significance (see figure legends for details), with a significance level set at P < 0.05. Survival experiments with G. mellonella larvae were carried out three times, with a total of 10 larvae per experiment. Data were analyzed using the Log-rank test and presented in Kaplan-Meier survival curves. The statistical significance was set at P < 0.05.
RESULTS
Cell wall phosphomannosylation and porosity varies in clinical isolates of C. tropicalis
We randomly selected 10 clinical isolates previously used to assess the genetic plasticity of C. tropicalis (Tavanti et al. 2005 ) and compared their cell wall composition with the reference strain ATCC MYA-3404, whose genome has been sequenced (Butler et al. 2009) . Results confirmed that the major wall polysaccharides, chitin, glucan and mannans were present in all the strains analyzed, and no significant changes were observed in their proportions ( Table 2 ). The ability of Candida cells to bind the dye Alcian blue has been directly related to the cell wall phosphomannan content (Hobson et al. 2004; Mora-Montes et al. 2010; Gonzalez-Hernandez et al. 2017) . When this parameter was analyzed in the clinical isolates, we could observe different abilities to bind the dye, with strains showing a phenotype similar to the reference strain and isolates binding significantly lower levels of Alcian blue (Table 2 ). This lower ability to bind the cationic dye correlated with higher wall porosity to DEAE-dextran, a cell wall parameter that tends to increase when defects in the cell wall fitness or composition are present ( 
Identification and disruption of C. tropicalis MNN4
Since the clinical isolates had different ability to bind Alcian blue, and therefore different levels of cell wall phosphomannan, we next decided to investigate the C. tropicalis MNN4, which is a key element in the protein phosphomannosylation pathway in yeast-like organisms (Odani et al. 1996; Jigami and Odani 1999; Hobson et al. 2004; Gonzalez-Hernandez et al. 2017) . The putative C. tropicalis MNN4 gene was identified via protein BLAST using the tools available at https://www.ncbi.nlm.nih.gov/. A putative ortholog of C. albicans MNN4 was found within C. tropicalis genome, under the GenBank accession code XP˙002549525 (Butler et al. 2009 ). The open reading frame spans 2841 bp and encodes for a putative polypeptide of 946-amino acids, with a putative signal peptide, and both a transmembrane domain and a region rich in lysine/glutamic repeats near the N-terminal end. Moreover, it also contains a motif of the LicD family of proteins, which has been involved in both phosphocholine metabolism and protein phosphomannosylation (Zhang et al. 1999; Gonzalez-Hernandez et al. 2017) . Similar structural traits have been previously described for C. albicans Mnn4, whose sequence spans 997 amino acids (Hobson et al. 2004 ). This polypeptide sequence showed a similarity score of 75% and 58% when compared to Mnn4 from C. albicans and S. cerevisiae, respectively. To demonstrate that this gene was indeed the functional ortholog of C. albicans MMN4, the whole open reading frame was amplified from C. tropicalis genomic DNA and cloned into the pACT1 vector, which contains the promoter region of C. albicans ACT1 and the terminatior sequence of S. cerevisiae CYC1 (Barelle et al. 2004) . This construction, pACT1-CtMNN4, was used to transform a C. albicans mnn4 null mutant, which is unable to bind Alcian blue (Hobson et al. 2004) . Upon transformation, the strain HMY149 (C. albicans mnn4 + pACT1-CtMNN4) could restore the ability to bind Alcian blue to levels similar to those observed with the wild-type (WT) control cells (124.7 ± 19.9 μg Alcian blue bound for WT cells, 21.1 ± 3.7 μg Alcian blue bound for mnn4 null mutant, 116.3 ± 11.9 μg Alcian blue bound for mnn4 + pACT1-CtMNN4, P = 0.49 when WT and the complemented strain were compared). Therefore, these results suggest that the putative C. tropicalis MNN4 is the functional ortholog of C. albicans MNN4. Next, to generate a C. tropicalis strain lacking MNN4, we used the SatI flipper strategy to delete both alleles (Reuß et al. 2004; Figs 1A-D) . The disruption cassette contained 497 bp and 1500 bp of homology to the 5 and 3 regions of MNN4, respectively. Disruption of the first allele was confirmed by PCR, and the selected mutant strains were subjected to marker recycling, which was confirmed by both sensitivity to nourseothricin and PCR (Fig. 1) . This heterozygous strain (HMY173) was used in a second round of transformation with the same disruption cassette and the subsequent recycling of the transformation marker, generating an mnn4 null mutant strain (HMY175; Fig. 1E ). To generate a reintegrant control strain, CtMNN4 was cloned into pSFS2 and this construction used to transform the mnn4 null mutant. The integration of this construct into the MNN4 locus was confirmed by PCR and subjected to marker recycling, generating the strains HMY202 (Fig. 1F) .
The C. tropicalis mnn4 null mutant has normal growth and morphology but displays defects in the cell wall phosphomannosylation
Disruption of MNN4 did not affect the cell and colony morphologies, as the null mutant cells formed round yeast cells and whitish, soft and round colonies, like the WT control cells (data not shown). Furthermore, these cells underwent dimorphism, generating hyphae at the same rate as the WT cells (data not shown) and showed a growth rate similar to the control strain (0.67 h −1 for WT control cells and 0.65 h −1 for the mnn4 null mutant). We next assessed the cell sensitivity to wall perturbing agents, as this parameter is commonly affected when protein glycosylation pathways are disrupted Perez-Garcia et al. 2016) . The mnn4 null mutant, the WT and the reintegrant control strain showed similar sensitivity to hygromycin B and Calcofluor white (Fig. 2) . However, the null mutant strain showed reduced resistance to Congo Red when compared to the parental strain (Fig. 2) . This phenotype was restored to WT levels after reintroduction of MNN4 in the native locus (Fig. 2) . Next, we analyzed the cell wall composition and found that the three main cell wall polysaccharides were present in similar proportions in the WT, null mutant and reintegrant control cells (Table 2 ), but the mnn4 null mutant displayed a significant reduction in the ability to bind Alcian blue and increased cell wall porosity to DEAE-dextran (Table 2) . Reintegration of one copy of MNN4 partially restored the defect associated with the Alcian blue binding, whereas the cell wall porosity was similar to that found in the wall of the WT control cells (Table 2) . To confirm the reduced ability of the null mutant cells to bind the cationic dye was directly related to a decreased content in wall phosphomannan, cells were incubated with 10 mM HCl at 100
• C for 1 h and the acid-labile oligosaccharides were separated by fluorophore-assisted carbohydrate electrophoresis (FACE). The electrophoretic profile of the acid-hydrolyzed material from WT cell walls, which includes phosphomannans (Kobayashi et al. 1990; Han et al. 1997; Hobson et al. 2004) , was electrophoretically separated in oligosaccharides that contain up to five sugar residues, with a marked accumulation of molecules of one to four carbohydrate units (Fig. 3) . The electrophoretic profile of samples from the mnn4 null mutant showed a similar band of monosaccharides and a faint band at the level of the maltobiose marker, but oligosaccharides with a higher number of monosaccharide units were absent (Fig. 3) . The samples from the reintegrant control strain showed the same ladder-like pattern of the acid-hydrolyzed material from the WT cells, with a robust accumulation of material of one, two and three sugar units. To compare this electrophoretic profile, we performed a similar experiment with samples from C. albicans strains, and results were consistent to those found with C. tropicalis, i. e. a ladderlike pattern for phosphomannans released from WT and reintegrant control cells, and absence of this material in the sample from the mnn4 null mutant (Fig. 3) . Collectively, our data indicate that absence of C. tropicalis MNN4 affected the protein phosphomannosylation pathway.
Proper protein phosphomannosylation is required for virulence in the model organism Galleria mellonella
To determine whether the loss of MNN4 had an impact on the C. tropicalis-host interaction, we assessed virulence in an invertebrate model of candidiasis, using larvae of G. mellonella, which have been previously reported as a suitable model to study the virulence of C. tropicalis (Mesa-Arango et al. 2013) . The total of the animal population infected with the WT strain died at the 8 th day post-inoculation, whereas 50% of larvae infected with the mnn4 null mutant remained alive, with no sign of infection, i.e., no signs of melanization and with active movements (Fig. 4) . Reintroduction of one MNN4 allele in the null mutant background restored the ability to kill the whole animal population at the 8 th day (Fig. 4) . The control group inoculated only with PBS showed 100% survival of the population at the end of the observation period (Fig. 4) . Fungal burdens in the inoculated animals indicated a similar ability to colonize the host tissues for the control strains and the null mutant (1.1 × 10 7 ± 0.2 × 10 7 cells mL −1 , 1.2 × 10 7 ± 0.2 × 10 7 and 1.2 × 10 7 ± 0.3 × 10 7 cells mL −1 , for WT, mnn4 and the reintegrant control strain, respectively). into the hemocoel of G. mellonella larvae and survival was monitored daily. Experiments were conducted three times, with a total of 30 larvae per group (10 larvae for each experiment). PBS refers to a control group injected only with PBS. For C. tropicalis, the strains used are: WT, ATCC MYA-3404; mnn4 , HMY175 and mnn4 + MNN4, HMY202. For C. albicans strains used are: WT, NGY152; mnn4 , CDH15 and mnn4 + MNN4, CDH14. No significant differences were observed between the mortality associated to parental and reintegrant strains (P = 0.84 and 0.63 for C. tropicalis and C. albicans, respectively). The mnn4 null mutant strain in both species showed a significant difference in the ability to kill larvae when compared to the parental or reintegrant control strains (P < 0.05 in both cases and for both species).
Therefore, the C. tropicalis mnn4 showed virulence attenuation in the model organism G. mellonella. These data are in contrast with those reported for the C. albicans mnn4 null mutant, which did not have virulence attenuation in a mouse model of systemic candidiasis (Hobson et al. 2004 ). Since our results could be influenced by the host and its ability to respond against the fungal pathogen, we decided to determine the virulence of the C. albicans mnn4 null mutant in G. mellonella larvae. Animals inoculated with PBS remained alive during the observation period, but those infected with the WT strain showed 100% mortality at the 3 rd day post-inoculation (Fig. 4) . The null mutant showed decreased ability to kill the total population of larvae, with a survival of 10% animals at day 10 post-inoculation (Fig. 4) . The reintegrant control strain showed a similar behavior as the WT strain, killing the whole animal population after 4 days (Fig. 4) . Fungal burdens were similar in animals infected with the different strains (1.4 × 10 7 ± 0.5 × 10 7 cells mL −1 , 1.5 × 10 7 ± 0.3 × 10 7 and 1.3 × 10 7 ± 0.5 × 10 7 cells mL −1 , for WT, mnn4 and the reintegrant control strain, respectively). Therefore, loss of MNN4 affected C. tropicalis and C. albicans virulence in larvae of G. mellonella.
Cell wall phosphomannans are not required for stimulation of pro-and anti-inflammatory cytokine production by human PBMNCs
Next, we assessed the potential role of phosphomannan in the ability of C. tropicalis to stimulate cytokine production by human PBMCs. The human cells incubated with the WT control cells produced low levels of TNFα, IL-6, IL-1β and IL-10 (Fig. 5) . Similarly, the mnn4 null mutant and the reintegrant control strain stimulated low levels of the four cytokines analyzed (Fig. 5) . It has been previously demonstrated in C. albicans, C. guilliermondii and members of the C. parapsilosis complex that a stronger cytokine stimulation is observed after artificial exposure of β1,3-glucan at the cell surface by heat killing (Gow et al. 2007; Estrada-Mata et al. 2015; Navarro-Arias et al. 2016; Perez-Garcia et al. 2016) ; therefore, we next assess whether exposure of β1,3-glucan after killing by heat could unmask a role for phosphomannans during the interaction between C. tropicalis and human PBMCs. The HK WT, mnn4 , and the reintegrant control strain stimulated a strong production of the four cytokines analyzed, in a similar manner (Fig. 5) , which confirmed the observation done in other Candida species, i.e., HK cells are likely to expose β1,3-glucan and stimulate the production of high levels of both pro-and anti-inflammatory cytokines. Therefore, phosphomannans play a dispensable role in the ability of C. tropicalis to stimulate cytokine production by human PBMCs.
Role of cell wall phosphomannan in the phagocytosis of C. tropicalis by human monocyte-derived macrophages
We have previously demonstrated that defects in the cell wall phosphomannosylation affect the ability of cell line and primary macrophages to phagocyte C. albicans yeast cells (McKenzie et al. 2010; Gonzalez-Hernandez et al. 2017) . Thus, we analyzed the impact of MNN4 disruption on the interaction of C. tropicalis and human monocyte-derived macrophages. The mnn4 null mutant strain was barely phagocytosed by these human primary cells, whose ability to uptake the mutant yeast cells was reduced up to 90% (Fig. 6 ). Monocyte-derived macrophages showed a similar ability to phagocyte either the WT or the reintegrant control strain (Fig. 6 ). This result contrasts with our previous observations in C. albicans, where loss of cell wall phosphomannan reduced the yeast phagocytosis in about 50% (McKenzie et al. 2010; Gonzalez-Hernandez et al. 2017) . Therefore, we compared the phagocytosis of C. albicans and C. tropicalis cells in our experimental setting. The C. albicans WT control strain was significantly less phagocytosed than the C. tropicalis WT strain, but the human cells showed about 50% reduction in the ability to phagocyte the C. albicans mnn4 null mutant, as reported (McKenzie et al. 2010; Gonzalez-Hernandez et al. 2017; Fig. 6) . Overall, C. tropicalis cells were more phagocytosed than the C. albicans cells (Fig. 6 ). Similar results were observed when phagocytosis experiments were performed with the RAW 264.7 (ATCC R TIB-71) murine cell line (data not shown). The cytometry approach used here allows us to differentiate the recently phagocytosed cells and those inside mature phagolysosomes. When both yeast cell populations were analyzed by separate we found similar results for both Candida species: most of the cells were already in mature phagolysosomes when the interaction was stopped (89.9 ± 1.4% and 91.2 ± 2.0% for C. tropicalis and C. albicans, respectively, P = 0.54). This ratio was not significantly modified when the mutant cells were used instead of WT cells, or when laminarin or phosphomannan were included in the interaction assays. Therefore, loss of phosphomannosylation affected the phagocytosis of C. tropicalis by macrophages; however, its role in this process seems to be more relevant than that described in C. albicans.
To confirm this observation, we isolated phosphomannans from C. tropicalis cells and pre-incubated the human monocyte-derived macrophages with different concentration of the cell wall component, before interaction with yeast cells. Concentrations lower than 500 μg mL −1 did not show any effect Figure 6 . Phagocytosis of C. tropicalis and C. albicans mnn4 null mutants by human monocyte-derived macrophages. Yeast cells were labeled with Acridine orange and incubated with human monocyte-derived macrophages at a macrophage-yeast ratio 1:6, for 2 h at 37
• C and 5% (v/v) CO2. Macrophages were gated by FACS and 50 000 cells were counted/sample. Results represent macrophages interacting with at least one fluorescent yeast cell. Open bars indicate data obtained with C. tropicalis strains, whereas the closed bars correspond to those obtained with C. albicans strains. For C. tropicalis, the strains used are: WT, ATCC MYA-3404; mnn4 , HMY175 and mnn4 + MNN4, HMY202. For C. albicans, strains used are: WT, NGY152; mnn4 , CDH15 and mnn4 + MNN4, CDH14. These data represent means ± SD from eight donors assayed by duplicate. * P < 0.05 when compared to the WT strain. † P < 0.05 when compared to the C. tropicalis strain with the similar genetic background.
on the ability of macrophages to phagocyte C. tropicalis cells.
Macrophages pre-incubated with 500 μg mL −1 phosphomannan had a reduced ability to phagocyte C. tropicalis cells (about 30% reduction), but it was not statistically significant (P = 0.059). However, pre-incubation with 750 or 1000 μg mL −1 significantly reduced the ability to phagocyte C. tropicalis (about 70% and 90%, respectively; Fig. 7 ). When similar experiments were conducted with C. albicans cells, pre-incubation with phosphomannan reduced the phagocytosis to levels closer to the detection threshold, even at a concentration of 500 μg mL −1 (Fig. 7) . Therefore, these data confirm the relevance of phosphomannan in the phagocytosis of Candida cells. When the cell wall phosphomannan content was quantified in both C. albicans and C. tropicalis cells, we found that the C. tropicalis strain had a higher content of phosphomannan than the C. albicans strain (3.4 ± 0.21 mg mL −1 and 2.8 ± 0.04 mg mL −1 , for C. tropicalis and C. albicans, respectively; P < 0.05). Similarly, the cell wall porosity to DEAE-dextran was higher in C. tropicalis than in C. albicans (55.2 ± 5.9% and 24.8 ± 4.3%, respectively; P < 0.05).
The role of dectin-1 in the uptake of yeast cells has been previously demonstrated during the C. albicans-macrophage interaction, and recognition of β1,3-glucan via this receptor is essential for proper fungal phagocytosis (Heinsbroek et al. 2008) . We next assessed whether C. tropicalis cells could be phagocytosed via this receptor. The pre-incubation of human monocytederived macrophages with different concentrations of laminarin, an antagonist of dectin-1 (Maneu et al. 2011; Huang et al. 2012; Cohen-Kedar et al. 2014) , negatively affected the ability of macrophages to phagocyte C. tropicalis cells, in a dose-dependent manner (Fig. 7) . Comparative experiments using C. albicans cells showed a similar trend (Fig. 7) , but we observed a full phagocytosis inhibition when cells were pre-incubated with 25 μg mL −1 laminarin, and this concentration only reduced C. tropicalis phagocytosis near 50% (Fig. 7) . Therefore, C. albicans and C. tropicalis phagocytosis rely on the engagement of dectin-1 with its ligand, but this process seems to be essential for C. albicans cells, but not for C. tropicalis. Finally, we analyzed whether the role of phosphomannan and β1,3-glucan during C. tropicalis phagocytosis was only additive or synergistic, by preincubating human monocyte-derived macrophages with both laminarin and phosphomannan. We chose 25 μg mL −1 and 500 μg mL −1 of laminarin and phosphomannan, respectively, because these concentrations showed a moderate effect on the phagocytosis of C. tropicalis cells. Our results indicated that pre-incubation with both compounds reduced C. tropicalis phagocytosis in about 70%, which suggest an additive effect when both blocking agents were used in the experimental setting (Fig. 8) . Experiments using HK C. tropicalis cells showed similar results (Fig. 8) . Even though the results in Fig. 8 indicated an increased ability of macrophages to phagocyte HK C. tropicalis cells when compared to live cells, this was not statistically significant (P = 176). When C. albicans was used to challenge pre-incubated macrophages with both laminarin and phosphomannan, we observed a significant reduction in the phagocytosis (Fig. 8) .
DISCUSSION
The C. tropicalis genetic manipulation was firstly reported more than 25 years ago (Picataggio, Deanda and Mielenz 1991) ; and since then, several metabolic routes have been explored in this organism, disrupting genes and analyzing the phenotypes of mutant cells. However, thus far, no genes involved in the synthesis of cell wall components have been studied in C. tropicalis (Zuza-Alves, Silva-Rocha and Chaves 2017). Therefore, the functional characterization of MNN4 and the characterization of a C. tropicalis mnn4 null mutant represent one of the first attempt to study this cell component by genetic means. It has been previously demonstrated that the presence of phosphomannan at the C. albicans cell wall is a dynamic parameter across fungal isolates, and strains with high, moderate, low or null content of this wall component have been reported (MacCallum et al. 2009 ). Here, we observed a similar trend with the C. tropicalis isolates included in our study, and we have evidence indicating the same phenomenon in clinical isolates of Candida dubliniensis (our unpublished results). It is noteworthy that we could not find any correlation between lower phosphomannan content and a specific C. tropicalis clade, as the four isolates with low ability to bind Alcian blue are grouped in the three clades thus far described for C. tropicalis (Tavanti et al. 2005) . The reduced phosphomannan content in some strains is unlikely to be related to lower levels of cell wall mannan, as this parameter was constant in all the analyzed strains, indicating a plasticity only in the levels of cell wall phosphomannan. Since immune recognition of phosphomannan is important for proper fungal phagocytosis (McKenzie et al. 2010; Bain et al. 2014; Erwig and Gow 2016; Gonzalez-Hernandez et al. 2017; Hernández-Chávez et al. 2017) , it is tempting to speculate that the fungal cell has the ability to modulate the presence of phosphomannan on the cell wall surface, as an adaptive strategy to evade the host immune response (Gonzalez-Hernandez et al. 2017; Hernández-Chávez et al. 2017) . Even though we have gathered important information about the role of phosphomannan during C. albicans-host interaction, the biochemical details of the biosynthetic machinery involved in its elaboration remain yet to be described (Gonzalez-Hernandez et al. 2017) , and are required to understand the plasticity of Candida species to express different levels of phosphomannan at the cell wall.
The MNN4 gene has been described as a central element in the phosphomannosylation pathway in different yeast species (Odani et al. 1996; Jigami and Odani 1999; Hobson et al. 2004; Miura et al. 2004; Singleton, Masuoka and Hazen 2005; Park et al. 2011; Gonzalez-Hernandez et al. 2017) ; therefore, this gene was the most attractive target to disrupt when assessing the relevance of cell wall phosphomannans on C. tropicalis biology. The putative MNN4 was confirmed to be the functional ortholog of C. albicans MNN4 and has all the bioinformatics features of this gene, including the LicD motif, which has been regarded as canonical for genes involved in the synthesis of fungal phosphomannan (Gonzalez-Hernandez et al. 2017) . As in C. albicans (Hobson et al. 2004) , loss of MNN4 did not affect the growth rate, cell and colony morphology, and ability to undergo dimorphism, and cell wall content of chitin, β-glucan and mannan, suggesting phosphomannans are dispensable for these phenotypical traits. The cell wall porosity was increased in the mnn4 null mutant though, which was also positively affected in those clinical isolates with reduced ability to bind Alcian blue. Increased cell wall porosity has been reported in cells with gross defects in the wall composition and structuration (De Nobel et al. 1990; NavarroArias et al. 2016; Perez-Garcia et al. 2016) , but this is not the case of the C. tropicalis mnn4 null mutant. Our hypothesis to explain this observation is that the polycations are partially retained within the cell wall, via the negative charge of phosphomannan, having a lower ability to leak nucleic acids in cells with abundant phosphomannan levels. The absence of phosphomannan would not retain polycations in the wall, with the consequent higher porosity. We do not have a proper explanation to the increased sensitivity to high concentrations of Congo red showed by the mnn4 null mutant, as this parameter was reported unaffected in the C. albicans mnn4 null mutant (Hobson et al. 2004) , and no changes in the content of β-glucan were observed in the C. tropicalis mutant. Further experiments are required to properly address this observation.
Loss of phosphomannan upon C. tropicalis MNN4 disruption was confirmed by both reduction of the ability to bind Alcian blue and the absence of most of the glycans released by acid hydrolysis. The latter could have the ability to release other materials from the cell wall, such as products from partial degradation of glucans (Ruiz-Herrera et al. 2006) , offering an explanation to the material electrophoretically separated and found in all the samples analyzed, including in the null mutant strain. One technical limitation of FACE, when compared to TLC, the methodology previously used to characterize cell wall phosphomannans (Hobson et al. 2004) , is that the latter was combined with a pulse and chase strategy that involved the use of radioactive mannose, offering the benefit to reveal only mannosebased compounds after the TLC analysis. Here, we derivatized and labeled with ANTS all sugars present in the samples, including those released from other polysaccharides different from mannans. Nonetheless, the methodology was useful to confirm the results generated with Alcian blue. The presence of phosphomannans extended with β1,2-mannose residues has been reported previously in C. tropicalis (Kobayashi et al. 1994) , which is likely to correspond to the acid-labile material lost in the mnn4 null mutant. This observation is reinforced by the fact that the encoding genes for β1,2-mannosyltransferases are likely to be part of the C. tropicalis genome (Butler et al. 2009 ).
The virulence attenuation in larvae of G. mellonella was contrary to the observation previously reported in C. albicans, where phosphomannosylation is dispensable for virulence in mice (Hobson et al. 2004) . Here, we demonstrated that both C. albicans and C. tropicalis mnn4 null strains had virulence attenuation. The adaptation to the host milieu is unlikely to account for this observation, as both mutants have normal growth rate and the CFU recovered for infected animals were similar to those obtained from larvae infected with the control strains. In C. albicans, it has been demonstrated that loss of MNN4 lead to increased cell hydrophobicity and changes in the adhesion to fibronectin (Singleton, Masuoka and Hazen 2005 ) Therefore, it is tempting to speculate that loss of the negative charge of phosphomannan affects the ability of C. albicans and C. tropicalis to properly adhere, and therefore damage, larval tissues. It is well documented that the G. mellonella immunological strategies to control pathogens, including fungi, are melanization, activation of hemocytes and production of antimicrobial peptides. Even though the loss of phosphomannan has been showed to have a negative impact on the ability of cationic antimicrobial peptides to affect C. albicans viability (Harris et al. 2009 ), anionic peptides are important players to control fungal infection in G. mellonella (Cytryńska et al. 2007; Mak, Zdybicka-Barabas and Cytrynska 2010; Sowa-Jasiłek et al. 2014; Zdybicka-Barabas et al. 2014; Wojda 2017) . Among them, the anionic peptide 2 has been demonstrated to be relevant to control infections caused by C. albicans (Sowa-Jasiłek et al. 2014) . Since the MNN4 mutants lack a negatively charged wall component, i.e., phosphomannan, it is likely that the anionic antimicrobial peptides would be more accessible to the fungal surface.
The dispensable role of phosphomannan to induce both proand anti-inflammatory cytokines was already reported for C. albicans cells lacking this wall component (Cambi et al. 2008; MoraMontes et al. 2010; Mukaremera et al. 2017) , and our results here confirmed its dispensability for cytokine stimulation.
Candida tropicalis cells showed more susceptibility to phagocytosis by macrophages than C. albicans cells, and this could be explained by the increased content of phosphomannan at the cell wall when compared to C. albicans cells. This observation does not undermine the contribution of dectin-1 to Candida phagocytosis, on the contrary, our results confirmed the importance of this receptor during Candida uptake. However, for the case of C. tropicalis, concentrations of laminarin that inhibited C. albicans phagocytosis failed to have a similar impact on C. tropicalis phagocytosis because of the higher abundance of phosphomannan and, therefore, the increased probability to be engaged with its receptor, most likely galectin-3, as reported for C. albicans . Although unlikely, we cannot formally rule out the possibility that a different receptor could be involved in the recognition of C. tropicalis phosphomannan. The wall porosity of C. tropicalis cells was higher than in C. albicans, and this has been related to increased accessibility of inner wall components to the surface of the wall, such as β1,3-glucan. This agrees with the observation that even though the receptor for phosphomannan was blocked with this cell wall component during pre-incubation, C. tropicalis cells were more readily phagocytosed than C. albicans cells.
In conclusion, our results indicate that cell wall phosphomannosylation is required for C. tropicalis-host interaction and loss of this wall component affects virulence in larvae of G. mellonella, and phagocytosis by human monocyte-derived macrophages.
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